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La3+  and  F“  co-doped  Li4Ti50i2  (LTO)  anode  materials  are  synthesized  successfully  via  a  solid  state  re¬ 
action.  The  structure  and  morphology  are  characterized  by  XRD,  SEM  and  EDS.  The  results  indicate  that 
La3+  and  F“  ions  were  uniformly  dispersed  in  Li4Ti50i2  lattice  without  changing  the  structure  and 
morphology  of  Li4TisOi2.  L^.gsLao.osTisOn.yFoj  (La005-F03)  exhibits  an  outstanding  electrochemical 
performance  among  all  the  samples  in  a  potential  range  from  0.5  to  2.5  V,  and  delivers  a  discharge 
capacity  of  103  mAh  g-1  at  IOC  rate,  whereas  the  LTO  only  gives  62.5  mAh  g_1.  The  sample  La005-F03 
retains  a  discharge  capacity  of  170.1  mAh  g-1  after  100  cycles  at  1C  rate.  The  improved  electrochemical 
performance  could  be  attributed  to  the  appropriate  co-doping  with  La3+  and  F“,  which  can  increase  the 
amount  of  Ti3+/Ti4+  mixing  as  charge  compensation,  leading  to  the  decrease  of  the  charge  transfer 
resistance  and  improvement  of  the  electronic  conductivity  and  lithium  ion  diffusion  coefficient. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  spinel  Li4Ti50i2  is  attracting  more  and  more  attentions 
as  an  anode  material  for  advanced  electrochemical  energy  storage 
devices  such  as  lithium  ion  batteries  [1,2].  The  spinel  Li4Ti50i2  has  a 
higher  Li  insertion  voltage  (ca.  1.5  V  vs.  Li+/Li),  which  can  avoid 
reduction  of  electrolyte  on  the  surface  of  the  electrode  [3].  On  the 
other  hand,  the  spinel  Li4TisOi2  is  a  “zero-strain”  insertion  material, 
which  has  excellent  reversibility  during  lithium  insertion/extrac¬ 
tion  process  [4].  These  two  features  make  it  to  be  a  promising  anode 
material  for  lithium  ion  batteries  used  in  the  fields  of  hybrid  electric 
vehicles  and  large-scale  energy  storage. 
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However,  Li4TisOi2  exhibits  poor  electronic  and  lithium  ionic 
conductivities  [5-7],  thereby  limiting  itself  in  high  rate  charge/ 
discharge  application.  To  improve  the  conductivities,  several 
effective  ways  have  been  proposed,  including  synthesis  of  nano¬ 
sized  Li4Ti50i2  [8-10],  doping  with  aliovalent  ions  (V5+,  Nb5+, 
Zn3+,  Cr3+,  Ni2+,  Mg2+,  Br",  F“)  in  Li,  Ti  or  O  sites  [11-18],  incor¬ 
poration  of  second  phase  with  high  electronic  conductivity,  such  as 
carbon  coating  layer  [19-22],  TiN  nano-coating  layer  [23  and  Ti02 
nano-coating  layer  [24]. 

Carbon-coated  Li4TisOi2  and  nanostructured  Li4TisOi2  materials 
appear  to  be  more  efficient  for  improving  the  high  rate  capability, 
due  to  the  enhanced  electronic  conductivity  and  the  significantly 
shortened  transport  paths  for  both  lithium  ions  and  electrons. 
However,  the  volumetric  energy  density  of  the  carbon-coated 
Li4Ti50i2  and  nanostructured  Li4Ti50i2  is  very  small  because  their 
low  packing  density  results  in  very  poor  loading  of  the  active 
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material  in  the  cell  [20].  In  addition,  the  fabrication  of  nano-sized 
LUTisO^  particles  and  achieving  a  uniform  surface  coating 
around  the  whole  LUTisO^  particle  are  still  challenges  using  a 
solid-state  reaction  or  sol-gel  method  [20,22].  Therefore  doping 
with  aliovalent  ions  may  be  the  most  promising  way  to  strengthen 
its  rate  performance.  B.  Zhang  et  al.  [25]  found  that  Sn-doping  can 
increase  the  conductivity  of  Li4Ti50i2,  and  thus  to  improve  its  rate 
capability.  It  also  has  been  reported  that  La3+  doping  can  improve 
the  electronic  conductivity  of  Li4Ti50i2,  and  then  lead  to  the 
improvement  of  rate  performance  [26].  Moreover,  Y.  L.  Qi  et  al.  [17] 
reported  that  Br-doped  Li4Ti50i2  exhibits  an  excellent  discharge 
capacity  due  to  the  decreased  charge  transfer  resistance  and  the 
enhanced  conductivity,  thus  to  improve  the  rate  performance  of  the 
LUTisO  i2. 

As  mentioned  that  both  cation  doping  and  anion  doping  could 
increase  the  conductivity  of  Li4Ti50i2,  we  considered  if  the  cation 
and  anion  co-doping  can  further  enhance  the  electrochemical 
performance,  as  the  so-called  “Synergistic  Effect”.  According  to  the 
previous  studies  [26,18],  we  chose  La  and  F  as  the  dopants  and 
synthesized  the  La3+  and  F~  co-doping  Li4TisOi2  compounds.  The 
effects  of  La3+  and  F_  co-doping  on  the  electrochemical  perfor¬ 
mance  have  been  investigated  in  detail  at  different  operation 
temperatures. 

2.  Experimental 

2.1.  Material  preparation 

The  pristine  Li4Ti50i2,  La3+  doped  Li4Ti50i2  and  La3+/F-  co¬ 
doped  Li4TisOi2  compounds  were  prepared  by  a  high  tempera¬ 
ture  solid  state  reaction.  The  raw  materials  consisted  of  Li2C03  ( AR, 
Shanghai  Chemical  Agents  Co.  Ltd),  anatase  TiCU  (AR,  Nanjing 
High  Technology  Nano  Material  Co.  Ltd),  La(N03)3-6H20  (AR, 
Shanghai  Chemical  Agents  Co.  Ltd)  and  LiF  (AR,  Aladdin  Industrial 
Inc.)  according  to  the  stoichiometric  quantities  of  Li4Ti50i2, 
LU.gsLao.osTisO^,  Li3.95La0.05Ti5O11.9F0.!,  Li3.95Lao.o5Ti50n.7Fo.3  and 
LU.gsLao.osTisOii.sFo.s,  respectively.  Excess  Li  was  added  to 
compensate  for  lithium  volatilization  during  the  sintering  process. 
The  raw  materials  were  mixed  by  ball  milling  for  6  h  in  ethanol 
slurry,  followed  by  rotary  evaporation  at  70  °C  for  30  min  to  obtain 
the  precursors.  The  as-prepared  precursor  powders  were  calcined 
in  a  tube  furnace  at  800  °C  for  10  h  in  a  flowing  argon  atmosphere, 
then  annealing  to  room  temperature.  The  synthesized  samples 
were  ground  before  powder  characterization  and  electrode  prep¬ 
aration.  These  samples  were  labeled  as  LTO,  La005,  La005-F01, 
La005-F03  and  La005-F05,  respectively. 

2.2.  Material  characterization 

Powder  X-ray  diffraction  (XRD,  D/max2550VB3+/PC,  Japan) 
using  Cu  Ka  radiation  (A  =  1.54056  A)  was  used  to  identify  the  phase 
composition  and  crystal  lattice  parameters  of  the  synthesized 
samples.  The  surface  morphology  of  the  samples  was  observed  by  a 
scanning  electron  microscope  (SEM,  Nova  Nano  SEM  MPE218,  FEI). 
The  distribution  of  the  elements  of  the  samples  was  analyzed  by 
energy  dispersive  spectrometer,  which  combined  with  scanning 
electron  microscopy  (SEM,  Hitachi  S4800,  Japan). 

2.3.  Electrochemical  measurements 

The  synthesized  powders  were  thoroughly  mixed  with  10% 
polyvinylidene  fluoride  (PVDF)  and  10%  acetylene  black  (AB)  in  N- 
methyl-2-pyrrolidone  (NMP).  The  obtained  slurries  were  then 
brushed  onto  silver  foils’  substrate  and  dried  in  a  vacuum  oven  at 


120  °C  for  12  h,  respectively.  Lithium  foil  was  used  as  the  counter 
electrode,  and  Celgard  2400  microporous  polyethylene  membrane 
as  the  separator.  The  electrolyte  was  a  mixture  of  1  M  LiPF6  in 
ethylene  carbonate  (EC)/diethyl  carbonate  (DEC)  (1:1  by  volume). 
The  cells  were  assembled  in  an  argon-filled  glove  box  and  were  left 
to  age  for  at  least  12  h  before  charge/discharge  test.  The  charge/ 
discharge  cycling  was  performed  on  a  battery  test  instrument 
(CT2001  A,  LAND  Battery  Program-control  Test  System,  China)  over 
a  voltage  range  of  0.5-2.5  V.  The  electrochemical  behaviors  of  the 
individual  composite  electrodes  were  characterized  by  cyclic  vol¬ 
tammetry  (CV),  in  coin  cells  at  a  scan  rate  of  0.1  mV  s-1,  on  an 
Electrochemical  Workstation  (CHI,  660B,  CHENHUA,  China).  Elec¬ 
trochemical  impedance  spectroscopies  (EIS)  of  the  cells  were  also 
conducted  on  the  Electrochemical  Workstation  (CHI,  660B,  CHEN¬ 
HUA,  China).  The  EIS  spectra  were  potentiostatically  collected  by 
using  a  DC  potential  equal  to  the  open  circuit  voltage  of  the  cell  and 
an  AC  oscillation  of  5  mV  over  a  frequency  range  of  10000  Hz- 
0.01  Hz. 

3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  diffraction  (XRD)  patterns  of  the  as- 
obtained  samples  synthesized  with  different  La/F  molar  ratios 
and  the  pure  sample.  The  diffraction  peaks  of  all  investigated 
samples  are  in  accordance  with  the  diffraction  pattern  of  the  face- 
centered  cubic  spinel  Li4Ti50i2  with  the  Fd-3m  space  group  (JCPDS 
Card  No.49-0207),  and  no  impurity  peaks  can  be  detected,  indi¬ 
cating  that  the  La3+  and  F_  ions  had  entered  the  lattice  of  Li4Ti50i2 
without  destroying  the  crystal  structure  or  forming  a  new  phase. 
However,  the  lattice  parameters  of  synthesized  samples  are 
changed,  as  shown  in  Table  1.  The  standard  lattice  parameter  of 
Li4Ti50i2  is  0.8359  nm,  and  the  lattice  parameters  of  synthesized 
samples  LTO,  La005,  La005-F01,  La005-F03  and  La005-F05  are 
0.8359(5)nm,  0.8367(3)nm,  0.8361(8)nm,  0.8361(1  )nm,  0.8360(8) 
nm,  respectively.  The  changing  trend  shown  on  the  lattice  param¬ 
eters  of  synthesized  samples  is  related  to  the  doping  amount  of  the 
La3+  and  F-,  and  the  lattice  parameter  extends  with  the  doping  of 
La  ions,  and  then  reduces  with  the  co-doping  of  F  ions.  This  sug¬ 
gests  that  La3+  and  F_  ions  had  entered  the  different  sites  of  the 
crystal  structure  and  produced  adverse  lattice  distortion. 

Fig.  2  shows  the  crystal  structure  model  of  Li4Ti50i2  built  on 
Materials  Studio.  Purple  spheres  denote  lithium  ions,  grey  spheres 
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Fig.  1.  XRD  patterns  of  the  as-obtained  samples  synthesized  with  different  La/F  molar 
ratios  and  the  pure  sample. 
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Fig.  3.  SEM  images  of  sample  (a)  LTO  and  (b)  La005-F03. 

Fig.  5(a)  and  (b)  show  the  cycle  performance  of  the  as-obtained 
samples  at  1C  and  5C  rate,  respectively.  The  cut-off  voltage  is  set 
between  0.5  and  2.5  V.  The  doped  samples  show  better  discharge 
capacities  than  the  pristine  LUTisO^.  Moreover,  among  all  the 
samples  with  different  doping  amounts,  the  sample  La005  presents 
the  highest  discharge  capacity  than  others  in  the  first  few  cycles, 
however  the  discharge  capacity  begins  to  rapidly  decline  soon.  It 
may  be  because  the  doping  of  La  ions  can  induce  the  transition  from 
Ti4+  to  Ti3+  for  charge  compensation  during  the  charge/discharge 
process,  but  Lb.gsLao.osTisO^  is  not  stable  for  lithium  ions  insertion 
and  extraction  owing  to  the  large  lattice  distortion.  The  initial 
discharge  capacities  of  all  samples  at  1C  rate  are  155.1, 190.6, 165.8, 
180.8  and  173.1  mAh  g-1,  respectively.  And  sample  La005  and 
La005-F03  show  higher  capacities  than  the  theoretical  capacity  of 
Li4Ti50i2  (175  mAh  g-1).  It  is  known  that  almost  all  the  electro¬ 
chemical  energy  comes  from  the  reversible  redox  reactions  be¬ 
tween  trivalent  titanium  ion  (Ti3+)  and  tetravalent  titanium  ion 
(Ti4+)  [28].  The  improvement  of  discharge  capacity  could  be 
attributed  to  the  increasing  amount  of  Ti  ions  transferred  from  Ti4+ 
toTi3+  by  the  doping  of  La3+  for  charge  compensation  and  the  slight 
decrease  and  the  stability  may  be  ascribed  to  the  doping  of  F- 
which  can  reduce  the  “Ti4+/Ti3+”  transition  and  the  lattice  distor¬ 
tion.  After  100  cycles,  the  discharge  capacities  keep  141.4,  151.7, 
155.3, 170.1  and  165  mAh  g_1,  respectively.  When  testing  at  a  high 
current  density  (5C  rate),  the  doped  samples  still  retain  more 
discharge  capacities  than  pristine  one  except  sample  La005.  The 
discharge  capacities  of  all  samples  at  5C  rate  after  100  cycles  are 


Table  1 

Lattice  parameters  of  the  as-obtained  samples. 


Sample 


a(nm) 


b(nm) 


c(nm) 


Li4Ti5Oi2 

0.83595 

0.83595 

0.83595 

Li3.95Lao.o5Ti50i2 

0.83673 

0.83673 

0.83673 

Li3.95Lao.o5Ti50n.gFo.i 

0.83618 

0.83618 

0.83618 

Li3.95La0.05Ti5On.7F03 

0.83611 

0.83611 

0.83611 

Li3.95Lao.o5Ti50n.5Fo.5 

0.83608 

0.83608 

0.83608 

denote  titanium  ions  and  red  spheres  denote  oxygen  ions.  The 
simulated  image  based  on  the  actual  ionic  radius.  The  radii  of  Li+, 
Ti4+,  Ti3+,  La3+,  02~  and  F-  ions  are  as  following:  y(Li+)  =  0.076  nm, 
y(Ti4+)  =  0.0605  nm,  y(Ti3+)  =  0.067  nm,  y(La3+)  =  0.1032  nm, 
y(02-)  =  0.14  nm  and  y(F_)  =  0.133  nm,  respectively.  The  difference 
of  radius  between  La3+  and  Li+  or  Ti4+  or  Ti3+  are  more  than  that 
between  O2-  and  F_.  It  is  well  known  that  many  elements  can  be 
doped  into  the  8a  Li+  tetrahedral  sites  or  16d  octahedral  sites  of 
Li4Ti50i2  [27].  So,  when  La3+  ions  are  doped  into  the  Li4Ti50i2 
lattice  individually,  La  atoms  may  be  doped  into  the  8a  Li+  tetra¬ 
hedral  site  or  16d  octahedral  site  of  the  Li4Ti50i2  lattice  and  induce 
the  lattice  distortion  due  to  the  difference  in  ionic  radius,  which  can 
be  reflected  in  the  difference  of  lattice  parameters  between  sample 
LTO  and  sample  La005,  as  shown  in  Table  1.  While  La3+,  F_  ions  are 
co-doped  into  the  Li4TisOi2  lattice,  F  atoms  may  be  substitute  the  O 
atoms  due  to  the  similar  ionic  radius,  which  can  be  confirmed  by 
the  lattice  parameters  of  the  co-doped  samples,  as  shown  in  Table  1. 

Fig.  3  shows  the  typical  scanning  electron  microscopy  (SEM) 
images  of  the  pristine  Li4Ti50i2  and  sample  La005-F03.  From  the 
images,  we  can  see  that  the  sample  is  composed  of  irregular  par¬ 
ticles,  and  the  particle  size  is  almost  in  a  range  of  0.3-1.0  pm. 
Apparently,  doping  with  La3+  and  F_  has  not  changed  the 
morphology  of  Li4Ti50i2. 

In  order  to  see  if  the  doped  elements  are  uniformly  dispersed  in 
Li4TisOi2,  we  analyzed  the  elemental  mapping  of  sample  La005-F03 
by  Energy  Dispersion  Spectroscopy  (EDS)  measurement.  Fig.  4a  is 
the  SEM  image  of  the  tested  area,  Fig.  4b  shows  the  integral  dis¬ 
tribution  of  the  element  O,  Ti,  La  and  F  in  the  tested  area,  Fig.  4(c-f) 
exhibit  the  separate  distributions  of  the  different  elements  O,  Ti,  La 
and  F  in  the  area,  respectively.  As  presented  in  Fig.  4(c-f),  all  these 
elements  have  homogeneous  distributions,  which  suggest  that  the 
La3+  and  F_  uniformly  doped  into  Li4Ti50i2  crystal  structure  via  the 
high  temperature  solid-stated  reaction. 


Fig.  2.  Crystal  structure  model  of  Li4Ti5Oi2  built  on  Materials  Studio. 
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Fig.  4.  Elemental  mapping  for  the  particles  of  sample  La005-F03. 


101,  94.4, 125.8, 135.8  and  131.1  mAh  g-1,  respectively.  Fig.  5(a)  and 
(b)  indicate  that  the  dopant  La  ions  can  improve  the  discharge  ca¬ 
pacity  ofLi4Ti50i2  but  show  a  relatively  poor  stability,  while  the  co¬ 
doping  of  La  and  F  can  simultaneously  improve  the  discharge  ca¬ 
pacity  and  maintain  the  cycling  stability,  as  the  so-called  “Com¬ 
plementary  Effect”.  Furthermore,  sample  La005-F03  presents  the 
highest  discharge  capacity  and  best  cycling  stability. 

Fig.  6  displays  the  initial  charge/discharge  curves  of  sample  LTO 
and  La005-F03  at  different  rates.  Each  charge/discharge  curve 
shows  a  flat  voltage  plateau  at  around  1.55  V  (vs.  Li+/Li),  which  is 
the  characteristic  of  two-phase  reaction  [29].The  capacities  of  LTO 
discharged  at  0.2C,  1C,  2C,  5C,  IOC  rate  are  174.7,  155,  146,  100, 
62.5  mAh  g_1,  respectively.  Correspondingly,  sample  La005-F03 
delivers  higher  discharge  capacities,  especially  at  high  rates.  Sam¬ 
ple  La005-F03  delivers  a  discharge  capacity  of  193  mAh  g-1  at  0.2C 
rate,  175  mAh  g-1  at  1C,  167  mAh  g_1  at  2C,  131  mAh  g-1  at  5C  and 
103  mAh  g-1  at  IOC.  The  differences  of  the  discharge  capacities 
between  sample  La005-F03  and  LTO  at  different  rates  are  18.3,  20, 
21,  31,  40.5  mAh  g-1,  which  mean  La3+  and  F_  co-doping  can 
improve  the  rate  performance  of  LLjTisO^.  Comparing  Fig.  5  with 
Fig.  6,  we  can  find  an  irreversible  capacity  fading  after  first 
discharge,  the  reason  could  be  explained  that  the  SEI  film  had  been 
formed  at  the  surface  of  Li4Ti50i2  electrode  when  the  cut-off 
voltage  is  blow  1.0  V  30]. 


To  further  investigate  the  electrochemical  behaviors  of  the  five 
samples,  EIS  measurements  were  performed  as  seen  in  Fig.  7.  All  the 
electrochemical  impedance  spectroscopies  were  carried  out  at  the 
fully  charged  state  at  25  °C  after  100  cycles.  The  EIS  spectra  all 
consist  of  a  semicircle  in  the  high  frequency  range  and  a  sloping  line 
in  the  low-frequency  range.  The  EIS  spectra  are  fitted  using  an 
equivalent  circuit  as  shown  in  Fig.  7.  The  symbols  Re  and  Rc t  in  the 
equivalent  circuit  represent  the  electrolyte  resistance  and  the 
charger-transfer  resistance  at  the  electrolyte/electrode  interface, 
respectively.  CPE  represents  the  double-layer  capacitance,  and  aw  is 
referred  to  the  Warburg  impedance,  which  is  related  to  the  Li-ions 
diffusion  in  the  bulk  electrode. 

The  EIS  spectra  are  fitted  using  ZsimpWin  software  and  the 
fitting  results  are  listed  in  Table  2.  The  Rct  values  of  the  LTO,  La005, 
La005-F01,  La005-F03  and  La005-F05  samples  are  260.3,  201.8, 
126.4,  42.2  and  1260,  respectively.  The  La005-F03  electrode  ex¬ 
hibits  much  smaller  Rct  than  the  others.  This  should  be  ascribed  to 
the  increasing  electronic  conductivity  by  the  modest  co-doping  of 
La3+  and  F_  ions.  The  values  of  the  charger-transfer  resistance  are  in 
good  agreement  with  the  results  shown  in  Fig.  5.  That  is,  the  higher 
the  charger-transfer  resistance  of  the  Li4Ti50i2  cell  is,  the  more 
dramatically  the  capacity  decreases. 

The  inclined  line  is  attributed  to  the  diffusion  of  the  lithium  ions 
into  the  bulk  of  the  electrode  material,  the  so-called  Warburg 
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Fig.  5.  Cycle  performance  curves  of  the  as-obtained  samples  at  different  rates:  (a)  1C 
rate;  (b)  5C  rate. 


Fig.  6.  Initial  charge  and  discharge  curves  at  different  rate  at  room  temperature:  (a) 
pure  Li4Ti5Oi2  and  (b)  sample  La005-F03. 


diffusion.  The  Warburg  coefficient  <7W  can  be  obtained  by  Eq.  (1) 

[26]: 

Zre  —  Re+^ct  +  ^w^  ^2  (1) 

where  Zre  is  the  real  part  of  the  impedance,  Re  is  the  resistance  of 
the  electrolyte,  Rct  is  the  charge  transfer  resistance  and  w  is  the 
angular  frequency  in  the  low  frequency  region.  Both  Re  and  Rct  are 
kinetics  parameters  independent  of  frequency.  And  w  is  the  slope 
for  the  plot  of  Zre  vs.  the  reciprocal  root  square  of  the  lower  angular 
frequency  (w-1^2). 

The  plot  of  Zre  vs.  the  reciprocal  root  square  of  the  lower  angular 
frequencies  (w_1/2)  for  all  the  samples  is  shown  in  Fig.  8.  In  the 
plots,  the  symbols  and  solid  lines  represent  the  experimental  points 
and  fitting  results,  respectively.  The  slope  of  fitted  line  is  Warburg 
coefficient  <7W,  as  shown  in  Table  2.  The  aw  values  of  the  samples  are 
51.56,  47.31,  3.84, 1.87  and  8.21  Q  cm2  s-1^2,  respectively.  It  can  be 
seen  that  the  Warburg  coefficient  aw  for  the  sample  La005-F03  is 
the  lowest  compared  with  others.  As  a  consequence,  the  sample  of 
La005-F03  shows  the  highest  lithium  ion  diffusion  coefficient. 
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Fig.  7.  EIS  spectra  of  the  electrodes  in  the  frequency  range  between  0.01  Hz  and 
100  kHz. 


Table  2 

Impedance  parameters  of  the  as-obtained  samples. 
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Sample 

Re(to) 

JUO) 

o-w(0  cm2  s  1/2) 

a(S  cm  ^ 

i°(mA  cm  2) 

D(cm2  s"1) 

LTO 

11.33 

260.3 

51.56 

1.25  x  10-5 

3.29  x  10”5 

3.64  x  10" 

La005 

22.9 

201.8 

47.31 

1.61  x  10”5 

4.24  x  lO"5 

4.32  x  10” 

La005-F01 

12.43 

126.4 

3.84 

2.57  x  10-5 

6.78  x  lO"5 

6.55  x  10 

La005-F03 

14.64 

42.2 

1.87 

7.7  x  10”5 

2.03  x  10”4 

2.76  x  10 

La005-F05 

21.47 

124 

8.21 

2.62  x  10”5 

6.91  x  10”5 

1.43  x  10” 

Re :  electrolyte  resistance;  Rct\  charge  transfer  resistance;  <rw:  Warburg  impedance;  a\  conductivity;  i°:  the  exchange  current  density;  D:  diffusion  coefficient  of  the  lithium  ions. 


The  conductivity  values  (<j)  are  calculated  from  Eq.  (2)  [26]: 


1  t 
a  ~  WtA 


(2) 


where  Rc t  is  the  charger-transfer  resistance,  t  is  the  thickness  of  the 
cathode  and  A  is  the  area  of  the  electrode  surface.  The  a  values  of 
the  samples  are  1.25  x  1(T5, 1.61  x  1(T5, 2.57  x  1(T5,  7.7  x  1CT5  and 
2.62  x  10-5  S  cm-1,  respectively.  Although  the  conductivity  of 
La005-F03  shows  only  a  little  higher  than  those  of  others,  the  ca¬ 
pacity  and  cycle  performance  are  much  better. 

Also,  the  values  of  the  exchange  current  density  (i°)  are  calcu¬ 
lated  from  Eq.  (3)  [31]: 


/0  RT 

nFRc  t 


(3) 


where  R  is  the  gas  constant  (8.314  J  mol-1  K-1),  T  is  the  absolute 
temperature  in  Kelvin  (298.15  I<),  n  is  the  number  of  electrons 
transferred  per  molecule  during  the  intercalation  (for  Li4Ti50i2, 
n  =  3),  F  is  the  Faraday’s  constant  (96,500  C  mol-1)  and  Rc t  is  the 
charge  transfer  resistance. 

The  exchange  current  density  is  a  parameter  to  indicate  the 
reversibility  of  the  electrode.  The  greatest  value  of  i°  is  obtained 
with  the  sample  La005-F03  (ca.  2.03  x  10-4),  corresponding  to  an 
increase  by  about  1  order  of  magnitude  compared  with  the  pure 
Li4Ti50i2,  implying  its  better  reversibility  than  others. 

In  addition,  the  diffusion  coefficient  values  of  the  lithium  ions 
(Dfi)  can  be  obtained  from  Eq.  (4)  [26]: 


n  R2j2  (a\ 

D[J+  =  2A2n4f4C2ff2  (4) 

where  R  is  the  gas  constant  (8.314  J  mol-1  K-1),  T  is  the  absolute 
temperature  in  Kelvin  (298.15  K),  A  is  the  area  of  the  electrode 
surface,  n  is  the  number  of  electrons  transferred  per  molecule 
during  the  intercalation  and  is  3  for  Li4Ti50i2,  F  is  the  Faraday’s 
constant  (96,500  C  mol-1),  C  is  the  concentration  of  lithium  ion  in 
solid  (4.37  x  10-3  mol  cm-3)  [26,31]  and  aw  is  the  Warburg  coef¬ 
ficient,  p  is  density  of  the  synthesized  materials,  M  is  molecular 
weight  of  Li4Ti50i2- 

The  Dfi  parameters  of  the  synthesized  materials  obtained  from 
EIS  are  recorded  in  Table  2.  The  Dfi  values  of  the  samples  are 
3.64  x  10-15,  4.32  x  10-15,  6.55  x  10  13,  2.76  x  10-12  and 
1.43  x  10  13  cm2  s-1,  respectively.  It  can  be  observed  that  the 
diffusion  coefficient  values  of  the  lithium  ions  (Dfi)  for  the  sample 
La005-F03  is  the  highest  compared  with  others.  The  enhance¬ 
ment  of  the  diffusion  coefficient  may  be  mainly  attributed  to  the 
doping  of  La3+  and  F-  ions,  which  can  decrease  the  amount  of 
active  titanium  ions  (Ti4+)  lead  to  the  increasing  quantities 
of  Ti3+. 

Fig.  9  shows  the  CV  curves  of  the  sample  LTO  and  La005-F03 
tested  between  0.5  and  2.5  V  at  a  scan  rate  of  0.1  mV  s-1  at  25  °C. 
The  CV  curves  present  a  similar  pair  of  redox  peaks,  which 
correspond  to  the  reversible  phase  transition  between  Li4Ti50i2 
and  LiyTisO^.  The  oxidation  peaks  are  at  about  1.7  V  (anodic 
delithiation)  and  the  reduction  peaks  are  at  1.4  V  (cathodic 
lithiation)  can  be  attributed  solely  to  the  successive  oxidation/ 
reduction  reactions  of  the  Ti3+/Ti4+  couple  in  the  cubic  structure, 
compensated  by  lithium  deinsertion/insertion.  It  can  be  observed 


Fig.  8.  The  relationship  between  Z'  and  w  1/2  at  low  frequency  for  different  samples. 
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Fig.  10.  Discharge  curves  at  different  rate  under  low  temperatures  from  0  °C  to  -20  °C. 


that  the  co-doped  LUTisO^  has  the  highest  intensity  of  both  the 
oxidation  and  reduction  peaks  compared  with  those  of  the  pure 
LUTisO^,  which  indicate  that  the  dopant  La  and  F.  does  not 
change  the  electrochemical  reaction  process  of  LUTisO^  in  this 


voltage  range,  but  increases  the  charge/discharge  capacity  of 
LUTisO^,  which  is  in  accord  with  the  discharge  curves. 

For  practical  application,  the  lithium-ion  batteries  may  often  be 
used  in  low-temperature  environment,  especially  as  power  sources 


Cycle  Number 
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Fig.  11.  Cycle  performance  curves  of  the  samples  at  different  temperatures  from  0  °C  to  -20  °C. 
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for  electric  or  electric-hybrid  vehicles.  With  the  drop  of  operation 
temperature,  both  the  surface  reaction  kinetics  and  the  rate  of 
charge  (lithium-ion  and  electron)  diffusion  inside  the  electrode 
bulk  are  slowed  down.  Fig.  10  presents  the  discharge  curves  of 
sample  LTO  and  sample  La005-F03  at  different  rates  under  different 
temperatures  from  0  °C  to  -20  °C.  Evidently,  the  capacities 
significantly  decline  in  comparison  with  those  at  25  °C,  especially  at 
high  rates,  due  to  the  decrease  of  the  surface  reaction  kinetics  and 
lithium  diffusion  in  the  electrode.  Apparently,  the  co-doped  sample 
shows  beneficial  effect  on  inhibiting  capacity  fading.  At  0  °C, 
sample  La005-F03  delivers  a  capacity  of  149  mAh  g_1  at  1C  rate, 
while  sample  LTO  presents  135  mAh  g_1.  Even  at  5C  rate,  sample 
La005-F03  still  carries  out  a  capacity  of  78  mAh  g-1,  whereas  the 
LTO  only  gives  63  mAh  g-1.  When  tested  at  -20  °C,  the  discharge 
capacities  of  the  two  samples  become  much  smaller  than  those 
tested  at  0  °C.  The  capacity  of  La005-F03  at  1C  rate  can  approxi¬ 
mately  reach  100  mAh  g-1,  while  LTO  gives  less  than  90  mAh  g-1. 
Comparing  the  capacities  of  sample  LTO  with  La005-F03 
under  different  temperatures,  we  know  that  the  appropriate 
La3+  and  F_  co-doping  can  improve  the  low  temperature  perfor¬ 
mance  of  Li4Ti50i2  due  to  the  increased  electronic  and  ionic 
conductivity. 

Fig.  11  shows  the  comparison  of  the  cycle  performance  of  the 
pristine  and  co-doped  Li4Ti50i2  at  1C  and  5C  rates  under  different 
temperatures  from  0  °C  to  -20  °C.  It’s  obvious  that  the  capacities  of 
the  two  samples  are  sensitive  to  the  decreasing  of  the  tested 
environmental  temperature.  At  0  °C,  sample  La005-F03  presents  a 
capacity  of  more  than  135  mAh  g_1  after  100  cycles  at  1 C  rate,  while 
sample  LTO  only  gives  120  mAh  g-1.  When  tested  at  5C  rate,  the 
differences  become  more  apparent,  which  suggest  that  the  co¬ 
doping  of  La3+  and  F-  can  remarkably  improve  the  rate  capa¬ 
bility.  When  tested  at  -10  °C,  both  sample  LTO  and  sample  La005- 
F03  have  the  further  reducing  of  the  discharge  capacities.  Sample 
LTO  only  shows  a  discharge  capacity  of  100  mAh  g-1  after  100  cy¬ 
cles  at  1C  rate,  while  sample  La005-F03  still  retain  a  capacity  of 
120  mAh  g1.  Even  at  5C  rate,  sample  La005-F03  still  retain  a  ca¬ 
pacity  close  to  60  mAh  g-1.  Flowever,  when  operated  at  -20  °C, 
both  LTO  and  La005-F03  show  the  discharge  capacities  lower  than 
100  mAh  g-1  at  1C  rate,  which  means  the  surface  reaction  kinetics 
and  lithium  diffusion  in  the  electrode  were  declined  severely.  All 
the  results  suggest  that  the  co-doping  of  La3+  and  F_  can  enhance 
the  electrochemical  performance  of  Li4TisOi2  at  low  temperatures. 

4.  Conclusions 

The  La3+  and  F-  co-doped  Li4TisOi2  material  was  successfully 
synthesized  by  a  solid-state  reaction.  The  La3+  and  F_  ions  had 
entered  the  different  sites  of  the  crystal  structure  of  Li4Ti50i2  and 
produced  adverse  lattice  distortion.  The  rate  cyclic  performance  of 
Li4Ti50i2  can  be  markedly  improved  by  La3+,  F-  co-doping.  It  can  be 
explained  by  the  fact  that  the  relatively  higher  conductivity  and 
lithium  diffusion  coefficient  would  help  to  release  the  stresses 
generated  by  the  repetitive  Li  ions  intercalation,  and  then  reduce 
the  electrochemical  polarization  during  high  rate  charge/discharge 
process.  The  appropriate  La3+  and  F-  co-doping  can  not 
only  improve  the  discharge  capacity  but  also  maintain  the  cycling 
stability,  as  the  so-called  “Complementary  Effect”.  Moreover, 
the  co-doping  of  La3+  and  F-  can  enhance  the  electrochemical 
performance  of  Li4Ti50i2  at  low  temperatures.  From  the  overall 


performance  point  of  view,  sample  La005-F03  shows  the  best 
electrochemical  performance  among  all  samples,  which  suggests 
the  La3+  and  F_  co-doped  Li4Ti50i2  material  is  a  promising  anode 
material  for  lithium  ion  batteries. 
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